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(54) HOLOGRAPHIC DISPLAY DEVICE

(57) There is provided a holographic image genera-
tion system comprising: a spatial light modulator; a light
source; a temporal modulator; a light sensor and a de-
modulator. The spatial light modulator has pixels. The
light source is configured to illuminate the spatial light
modulator. The temporal light modulator is arranged to
modulate an output intensity of the light source over time
to encode holographic data representing a hologram.
The light sensor is associated with the spatial light mod-
ulator. The light sensor is configured to receive light from
the light source and generate a signal representative of
the output intensity of the light source. The demodulator
is connected to the light sensor to receive the signal. The
demodulator is arranged to decode the signal to obtain
the holographic data. The demodulator is further con-
nected to the spatial light modulator to set the pixels of
the spatial light modulator in accordance with the holo-
graphic data to display the hologram ready for illumina-
tion by the light source to form a holographic reconstruc-
tion.
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Description
FIELD
[0001] The present disclosure relates to a system for

laser modulation. More specifically, the present disclo-
sure relates to an image generation system for delivering
holographic data through laser modulation. Some as-
pects relate to a holographic projector or holographic pro-
jection system comprising the image generation system.
Some aspects relate to a head-up display and a head-
mounted display. Some aspects relate to a method of
delivering holographic data through laser modulation.

BACKGROUND AND INTRODUCTION

[0002] Lightscatteredfrom anobjectcontains botham-
plitude and phase information. This amplitude and phase
information can be captured on, for example, a photo-
sensitive plate by well-known interference techniques to
form a holographic recording, or "hologram", comprising
interference fringes. The hologram may be reconstructed
by illumination with suitable light to form a two-dimen-
sional or three-dimensional holographic reconstruction,
or replay image, representative of the original object.
[0003] Computer-generated holography may numeri-
cally simulate the interference process. A computer-gen-
erated hologram, "CGH", may be calculated by a tech-
nique based on a mathematical transformation such as
a Fresnel transform or Fourier transform. These types of
holograms may be referred to as Fresnel or Fourier holo-
grams. A Fourier hologram may be considered as a Fou-
rier domain representation of the object or a frequency
domain representation of the object. A CGH may also be
calculated by coherent ray tracing or a point cloud tech-
nique, for example.

[0004] A CGH may be displayed, represented, or oth-
erwise encoded on a spatial light modulator, "SLM", ar-
ranged to modulate the amplitude and/or phase of inci-
dent light. Light modulation may be achieved using elec-
trically-addressable liquid crystals, optically-addressable
liquid crystals or micro-mirrors, for example.

[0005] The SLM may comprise a plurality of individu-
ally-addressable pixels which may also be referred to as
cells or elements. The light modulation scheme may be
binary, multilevel or continuous. Alternatively, the device
may be continuous (i.e. not comprised of pixels) and light
modulation may therefore be continuous across the de-
vice. The SLM may be reflective, meaning that modulated
light is output from the SLM in reflection. The SLM may
equally be transmissive, meaning that modulated light is
output from the SLM is transmission.

[0006] A holographic projector forimaging may be pro-
vided using the described technology. Such projectors
have found application in head-up displays, "HUD", and
head-mounted displays, "HMD", including near-eye de-
vices, for example.

[0007] Speckle is the consequence of using highly co-
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herent light sources to form an image. In particular,
speckle is the result of interference of many waves having
the same frequency but different phases (and in some
cases different amplitudes). The different phases cause
the waves to interfere to give a resultant wave whose
amplitude, and therefore intensity, varies randomly. It is
desirable to reduce such speckle, since speckle de-
grades the quality of the image.

SUMMARY

[0008] Aspects of the present disclosure are defined
in the appended independent claims.

[0009] There is provided a holographic image gener-
ation system comprising: a spatial light modulator; a light
source; a temporal modulator; a light sensor and a de-
modulator. The spatial light modulator has pixels (or light-
modulating elements). The light source is configured to
illuminate the spatial light modulator (more specifically,
illuminate the pixels of the spatial light modulator). The
temporal light modulator is arranged to modulate an out-
put intensity of the light source over time to encode ho-
lographic data representing a hologram. The light sensor
is associated with the spatial light modulator. The light
sensor is configured to receive light from the light source
and generate a signal representative of the output inten-
sity of the light source. The demodulator is connected to
the light sensor to receive the signal. The demodulator
is arranged to decode the signal to obtain the holographic
data. The demodulator is further connected to the spatial
light modulator to set the pixels of the spatial light mod-
ulator in accordance with the holographic data to display
the hologram ready for illumination by the light source to
form a holographic reconstruction.

[0010] The holographic data representing a hologram
may comprise first data representing the hologram and
second data representing a lens function and/or grating
function. The first data and second data may be com-
bined by addition. The first and second data may each
comprise a plurality of phase-delay values. The hologram
may be a Fourier hologram or Fresnel hologram. The
first data may be frequency domain data - that is, the
hologram may be said to be a frequency domain holo-
gram. The frequency domain hologram comprises a spa-
tial distribution of spatial frequencies. The hologram may
be a phase hologram. The lens function may comprise
a plurality of phase-delay values corresponding to a lens.
The grating function may comprise a phase-ramp func-
tion such as a wrapped (e.g. modulo 2n) phase-ramp
function. In other embodiments, only the first data (that
is, the data representing the hologram) is modulated onto
the light output by the light source and the second data
(that is, the data representing a lens and/or grating) is
added to the first data at the SLM end (i.e. after the de-
modulation).

[0011] The holographic image generation system can
be integrated within another device, for example the sys-
tem can be integrated with a holographic projector, or a
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head-up display for use in a vehicle.

[0012] The holographic image generation system can
facilitate the provision of holographic data to the spatial
light modulator, or SLM, without the need for direct elec-
trical connections. Instead, holographic data can be de-
livered to the SLM optically by the same light source used
to form a holographic reconstruction of the hologram rep-
resented by the holographic data. In particular, the light
source can be modulated with the holographic data at
the same time as the SLM is illuminated by the light
source. In this way, the holographic data can be provided
to the SLM without the need for physical/wired/cabled
electrical or physical/wired/cabled optical connections
(such as optical fibres). This can facilitate the provision
of simpler and more efficient system since losses can be
reduced.

[0013] In some embodiments, the holographic data is
representative of a subsequent frame of a video and the
temporal modulator is configured to modulate the output
intensity to encode the holographic data representative
ofthe subsequent frame while the light source illuminates
the spatial light modulator set with holographic data of a
currentframe of the video to reconstruct the currentframe
of the video, wherein the subsequent frame is subse-
quent the current frame. In other words, the system op-
erates to encode data for one frame in a sequence of
frames whilst reconstructing a previous frame in the se-
quence. For example, the holographic data can be rep-
resentative of an (n+1)th frame of a video (or sequence
of frames) and the temporal modulator can be arranged
to encode this holographic data for the (n+7)th frame
whilst the light source illuminates the SLM to form a ho-
lographic reconstruction of an nth frame of the video, the
SLM being set with holographic data representative of
the nth frame. In this way, the current, or nth, frame of a
sequence of frames can be holographically reconstruct-
ed whilst holographic data for the subsequent (n+17)th
frame in the sequence of frames is being encoded and
provided to the SLM. In some embodiments, the holo-
graphic data representative of the current and subse-
quent frames is identical and is representative of the
same image.

[0014] In some embodiments, the system further com-
prises a memory configured to store the decoded holo-
graphic data. For example, the memory can be config-
ured to store the decoded holographic data of the sub-
sequent frame whilst the pixels of the SLM are set in
accordance with the holographic data of the current
frame. The memory can be configured to store decoded
holographic data representative of one frame, or of more
than one frame.

[0015] In any of the above described embodiments,
the temporal modulator is arranged to modulate the out-
put intensity of the light source for the entire duration of
time for which the light source is arranged to illuminate
the spatial light modulator. Alternatively, the temporal
modulator is arranged to modulate the output intensity
of the light source for a portion of the duration of time for
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which the light source is arranged to illuminate the spatial
light modulator. In other words, the SLM is illuminated
for a set period of time (for example, a period of time
equivalent to the frame length of the frame being holo-
graphically reconstructed), but the light source may only
be modulated by the temporal modulator for a fraction or
a portion of that time.

[0016] In some embodiments, the light sensor associ-
ated with the SLM is provided on the SLM. Optionally, in
some embodiments, the SLM has a regular arrangement
of pixel locations at which the pixels are located and the
light sensor is provided at one of these pixel locations.
This arrangement can improve the optical efficiency and
compactness of the system, since illumination of any ar-
ea outside of the pixel area of the SLM with the light
source results in a loss of efficiency.

[0017] Optionally, the temporal modulator forms part
ofthelight source. In some embodiments, the light source
is a laser source comprising a laser diode and the tem-
poral modulator comprises a control circuit for the laser
diode. In this way the laser is directly modulated, which
can improve the optical efficiency of the system. In other
embodiments, the temporal modulator comprises an ex-
ternal optical modulator arranged within the path of the
light source arranged to illuminate the SLM, for example,
an optical modulator arranged between the light source
and the SLM. The temporal modulator can comprise the
control circuit for the laser diode and/or the external op-
tical modulator, in addition to any other suitable compo-
nents for modulating the output intensity of the light
source.

[0018] Optionally, the demodulator connected to the
light sensor forms part of the light sensor. For example,
the demodulator and light sensor form a single integrated
component. Alternatively, the demodulator may be inte-
grated into a driver for the spatial light modulator.
[0019] Optionally, the lightsensoris arranged to detect
when the light source is off (and therefore notilluminating
the SLM), the light sensor being further arranged to gen-
erate a signal indicating that the light source is off, the
signal acting as a trigger for the demodulator to set the
pixels of the spatial light modulator in accordance with
the holographic data.

[0020] Optionally, the holographic image generation
system further comprises a hologram calculation engine.
The hologram calculation engine is arranged to calculate
or generate the hologram and holographic data.

[0021] Optionally, a controller is coupled to the light
source and provides a control signal to the light source.
Alternatively or additionally, the controller is coupled to
the temporal modulator and provides a control signal to
the temporal modulator. For example, when the light
source is a laser, the controller may provide a control
signal to the laser diode control circuit of the laser. The
control signal indicates a period of time for which the light
source should be driven to correctly reconstruct the holo-
gram represented by the holographic data. The control
signal can indicate a different period of time for each
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frame of a video, for example. The control signal can
control the light source and/or the temporal modulator on
a frame by frame basis.

[0022] Optionally, the controller can be coupled to the
light source, the spatial light modulator and a hologram
calculation engine. The controller may comprise a clock
which produces timing signals. The controller may be
configured to provide the timing signals to the light
source, spatial light modulator and hologram calculation
engine in order to synchronise these components.
[0023] Optionally, the controller can also be coupled
to a memory, the memory configured to select, store or
receive information representative of an image to be ho-
lographically reconstructed. In this way, information pro-
vided to the hologram calculation engine is synchronised
with the calculation or generation of the holograms by
the hologram calculation engine to ensure the correct
holographic data is provided to the spatial light modulator
for the holographic reconstruction.

[0024] In a different configuration, the temporal mod-
ulator is arranged to modulate the light from the light
source with the source image data. In this different con-
figuration, the hologram is determined (e.g. calculated or
retrieved from memory) at the SLM end.

[0025] Optionally, the hologram calculation engine can
provide a control signal to the temporal modulator and/or
the light source to synchronise the components, rather
than the controller. The control signal can control the light
source and/or the temporal modulator on a frame by
frame basis.

[0026] Optionally, the spatial light modulator is a liquid
crystal on silicon spatial light modulator. Optionally, the
spatial light modulator is an optically addressed SLM.
Preferably, the SLM is arranged to spatially-modulate the
phase and/or the amplitude of the light of the input beam.
Optionally, the holographic reconstruction is formed by
interference of the spatially modulated light.

[0027] In some embodiments, the hologram provided
to the SLM to be displayed or represented on the SLM
is a computer generated hologram. In other words, the
hologram has been computed by a hologram calculation
engine, rather than merely stored within a memory or
displayed or represented on the SLM. Optionally, when
the hologram is a computer generated hologram, the
computer generated hologram is a mathematical trans-
formation of the holographic reconstruction. Optionally,
when the hologram is a computer generated hologram a
memory may be provided to store the holographic data
representing the hologram. Optionally, the computer
generated hologram is a Fourier transformation or a Fres-
nel transformation of the holographic reconstruction. Op-
tionally, the computer generated hologram is a Fourier
hologram or a Fresnel hologram. Optionally, the compu-
ter generated hologram is generated by a point cloud
method.

[0028] Thereisalso provided a method of setting pixels
of a spatial light modulator an SLM to represent a holo-
gram, the method comprising: illuminating a spatial light
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modulator having pixels with light; modulating an inten-
sity of the light while illuminating the spatial light modu-
lator to encode holographic data representing a holo-
gram; sensing the modulated intensity of the light and
decoding the modulated intensity to obtain the holo-
graphic data; setting the pixels of the spatial light modu-
lator in accordance with the obtained holographic data;
and subsequent to setting the spatial light modulator, fur-
ther illuminating the spatial light modulator with light to
form a holographic reconstruction of the hologram.
[0029] Optionally, the step of sensing comprises sens-
ing at the spatial light modulator, or SLM. In some em-
bodiments, the SLM has a regular arrangement of pixel
locations at which the pixels are located and the step of
sensing comprises sensing with a light sensor provided
at one of the pixel locations.

[0030] Optionally, the light is emitted by a laser and
modulating comprising modulating an output intensity of
the laser. This modulation can be direct or indirect. In
direct modulation, the output intensity of the laser can be
directly modulated, for example by controlling a control
circuit of alaser diode of the laser. Alternatively, the mod-
ulation can be indirect, for example with an external mod-
ulator such as an optical modulator.

[0031] Optionally, the step of illuminating and the step
of further illuminating are performed with the same light
source. In some embodiments, the SLM can be repeat-
edly illuminated to obtain the holographic data represent-
ative of a hologram encoded within the light source and
then further illuminated to form the holographic recon-
struction of said hologram. This enables the formation of
a sequence of holographic reconstructions. Optionally,
the sequence of holographic reconstructions is equal to
a sequence of frames defining a holographically recon-
structed video.

[0032] In some embodiments, the step of illuminating
forms an nth frame of the sequence of frames and the
step of further illuminating forms an (n+1)th frame of the
sequence of frames. In particular, the holographic data
is representative of a subsequent frame of the video and
the steps of illuminating and modulating comprise illumi-
nating the spatial light modulator and modulating the in-
tensity of the light to encode the holographic data repre-
sentative of the subsequent, (n+1)th, frame while the spa-
tial light modulator is set according to holographic data
representative of a current, nth, frame of the video, where-
in the subsequent frame is subsequent to the current
frame.

[0033] The method may further comprise further mod-
ulating the intensity of the light while further illuminating
the spatial light modulator to encode holographic data
representative of a further subsequent frame, subse-
quent to the subsequent frame. Optionally, the current,
subsequent and further subsequent frames directly fol-
low each other. By providing the holographic data for the
subsequent frame whilst holographically reconstructing
the current frame, and similarly by providing holographic
data for the further subsequent frame whilst holograph-
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ically reconstructing the subsequent frame, the holo-
graphic data can be efficiently and effectively provided
to the SLM without affecting the reconstruction of the
video. In other words, the current frame is reconstructed
and the holographic data for the next frame is transmitted
during the step of illuminating, and the next frame is re-
constructed during the step of further illuminating.
[0034] Optionally, the method further comprises
switching off the light source between the steps of illumi-
nating and further illuminating, the method comprising
setting the pixels of the spatial light modulator in accord-
ance with the obtained holographic data whilst the light
source is switched off. In this way, the spatial light mod-
ulator is illuminated for a first period (in which the holo-
graphic data is transmitted) and then illuminated for a
second period (in which the holographic reconstruction
represented by the transmitted data is reconstructed),
where the first period is subsequent to the second period.
During a third period between the first and second periods
the light source is switched off and the pixels set with the
holographic data transmitted during the first period to en-
able the holographic reconstruction during the third pe-
riod.

[0035] The method may further comprise a method of
implementing any of the above described features of the
holographic image generation system, as well as the al-
ternative embodiments described herein.

[0036] Any of the above described optional embodi-
ments can be combined in any suitable combination.
Moreover, although different embodiments and groups
of embodiments may be disclosed separately in the de-
tailed description which follows, any feature of any em-
bodiment or group of embodiments may be combined
with any other feature or combination of features of any
embodiment or group of embodiments. That is, all pos-
sible combinations and permutations of features dis-
closed in the present disclosure are envisaged.

[0037] Theterms"setting", "encoding", "writing" or "ad-
dressing" are used to describe the process of providing
the plurality of pixels of the SLM with a respect plurality
of control values which respectively determine the mod-
ulation level of each pixel. It may be said that the pixels
of the SLM are configured to "display" or "represent" a
light modulation distribution in response to receiving the
plurality of control values.

[0038] Ithasbeenfound thata holographicreconstruc-
tion of acceptable quality can be formed from a "holo-
gram" containing only phase information related to the
original object. Such a holographic recording may be re-
ferred to as a phase-only hologram. Embodiments relate
to a phase-only hologram but the present disclosure is
equally applicable to amplitude-only holography. The
present disclosure is also equally applicable to forming
a holographic reconstruction using amplitude and phase
information related to the original object. In some em-
bodiments, this is achieved by complex modulation using
a so-called fully complex hologram which contains both
amplitude and phase information related to the original
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object. Such a hologram may be referred to as a fully-
complex hologram because the value (grey level) as-
signed to each pixel of the hologram has an amplitude
and phase component. The value (grey level) assigned
to each pixel may be represented as a complex number
having both amplitude and phase components. In some
embodiments, a fully-complex computer-generated
hologram is calculated.

[0039] Reference may be made to the phase value,
phase component, phase information or, simply, phase
of pixels of the computer-generated hologram or the spa-
tial light modulator as shorthand for "phase-delay". That
is, any phase value described is, in fact, a number (e.g.
in the range 0 to 27z) which represents the amount of
phase retardation provided by that pixel. For example, a
pixel of the spatial light modulator described as having a
phase value of 772 will change the phase of received light
by 712 radians. In some embodiments, each pixel of the
spatial light modulator is operable in one of a plurality of
possible modulation values (e.g. phase delay values).
The term "grey level" may be used to refer to the plurality
of available modulation levels. For example, the term
"grey level" may be used for convenience to refer to the
plurality of available phase levels in a phase-only mod-
ulator even though different phase levels do not provide
different shades of grey. The term "grey level" may also
be used for convenience to refer to the plurality of avail-
able complex modulation levels in a complex modulator.

BRIEF DESCRIPTION OF THE DRAWINGS

[0040] Specific embodiments are described by way of
example only with reference to the following figures:

Figure 1 is a schematic showing a reflective SLM
producing a holographic reconstruction on a screen;
Figure 2A illustrates a first iteration of an example
Gerchberg-Saxton type algorithm;

Figure 2B illustrates the second and subsequent it-
erations of the example Gerchberg-Saxton type al-
gorithm;

Figure 2C illustrates alternative second and subse-
quent iterations of the example Gerchberg-Saxton
type algorithm;

Figure 3 is a schematic of a reflective LCOS SLM;
Figure 4 shows a schematic of a conventional holo-
graphic projector;

Figure 5 shows an example of timings for the con-
ventional holographic projector of Figure 4;

Figure 6 shows a holographic projector comprising
a holographic image generation system in accord-
ance with embodiments;

Figure 7 shows a schematic representation of a ho-
lographic projector comprising a holographic image
generation system in accordance with embodi-
ments; and

Figure 8 illustrates a method of setting pixels of an
SLM in accordance with embodiments.
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DETAILED DESCRIPTION OF EMBODIMENTS

[0041] The presentinventionis notrestricted tothe em-
bodiments described in the following but extends to the
full scope of the appended claims. That is, the present
invention may be embodied in different forms and should
not be construed as limited to the described embodi-
ments, which are set out for the purpose of illustration.
[0042] Terms of a singular form may include plural
forms unless specified otherwise.

[0043] A structure described as being formed atan up-
per portion/lower portion of another structure or on/under
the other structure should be construed as including a
case where the structures contact each other and, more-
over, a case where a third structure is disposed there
between.

[0044] In describing a time relationship - for example,
when the temporal order of events is described as "after",
"subsequent”, "next", "before" or suchlike - the present
disclosure should be taken to include continuous and
non-continuous events unless otherwise specified. For
example, the description should be taken to include a
case which is not continuous unless wording such as
"just", "immediate" or "direct" is used.

[0045] Although the terms "first", "second", etc. may
be used herein to describe various elements, these ele-
ments are not be limited by these terms. These terms
are only used to distinguish one element from another.
For example, a first element could be termed a second
element, and, similarly, a second element could be
termed a first element, without departing from the scope
of the appended claims.

[0046] Features of different embodiments may be par-
tially or overall coupled to or combined with each other,
and may be variously inter-operated with each other.
Some embodiments may be carried out independently
from each other, or may be carried out together in co-
dependent relationship.

Optical configuration

[0047] Figure 1 shows an embodimentin which a com-
puter-generated hologram is encoded on a single spatial
light modulator. The computer-generated hologram is a
Fourier transform of the object for reconstruction. It may
therefore be said that the hologram is a Fourier domain
or frequency domain or spectral domain representation
of the object. In this embodiment, the spatial light mod-
ulator is a reflective liquid crystal on silicon, "LCOS", de-
vice. The hologram is encoded on the spatial light mod-
ulator and a holographic reconstruction is formed at a
replay field, for example, a light receiving surface such
as a screen or diffuser.

[0048] A lightsource 110, for example a laser or laser
diode, is disposed to illuminate the SLM 140 via a colli-
mating lens 111. The collimating lens causes a generally
planar wavefront of light to be incident on the SLM. In
Figure 1, the direction of the wavefront is off-normal (e.g.
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two or three degrees away from being truly orthogonal
to the plane of the transparent layer). However, in other
embodiments, the generally planar wavefront is provided
at normal incidence and a beam splitter arrangement is
used to separate the input and output optical paths. In
the embodiment shown in Figure 1, the arrangement is
such that light from the light source is reflected off a mir-
rored rear surface of the SLM and interacts with a light-
modulating layer to form an exit wavefront 112. The exit
wavefront 112 is applied to optics including a Fourier
transform lens 120, having its focus ata screen 125. More
specifically, the Fourier transform lens 120 receives a
beam of modulated light from the SLM 140 and performs
a frequency-space transformation to produce a holo-
graphic reconstruction at the screen 125.

[0049] Notably, in this type of holography, each pixel
of the hologram contributes to the whole reconstruction.
There is not a one-to-one correlation between specific
points (or image pixels) on the replay field and specific
light-modulating elements (or hologram pixels). In other
words, modulated light exiting the light-modulating layer
is distributed across the replay field.

[0050] Inthese embodiments, the position of the holo-
graphic reconstruction in space is determined by the di-
optric (focusing) power of the Fourier transform lens. In
the embodiment shown in Figure 1, the Fourier transform
lens is a physical lens. That is, the Fourier transform lens
is an optical Fourier transform lens and the Fourier trans-
form is performed optically. Any lens can act as a Fourier
transform lens but the performance of the lens will limit
the accuracy of the Fourier transform it performs. The
skilled person understands how to use a lens to perform
an optical Fourier transform.

Hologram calculation

[0051] In some embodiments, the computer-generat-
ed hologram is a Fourier transform hologram, or simply
a Fourier hologram or Fourier-based hologram, in which
an image is reconstructed in the far field by utilising the
Fourier transforming properties of a positive lens. The
Fourier hologram is calculated by Fourier transforming
the desired light field in the replay plane back to the lens
plane. Computer-generated Fourier holograms may be
calculated using Fourier transforms.

[0052] A Fourier transform hologram may be calculat-
ed using an algorithm such as the Gerchberg-Saxton al-
gorithm. Furthermore, the Gerchberg-Saxton algorithm
may be used to calculate a hologram in the Fourier do-
main (i.e. a Fourier transform hologram) from amplitude-
only information in the spatial domain (such as a photo-
graph). The phase information related to the object is
effectively "retrieved" from the amplitude-only informa-
tion in the spatial domain. In some embodiments, a com-
puter-generated hologram is calculated from amplitude-
only information using the Gerchberg-Saxton algorithm
or a variation thereof.

[0053] The Gerchberg Saxton algorithm considers the
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situation when intensity cross-sections of a light beam,
Ia(X, ¥) and Ig(x, y), in the planes A and B respectively,
are known and I5(X, y) and Ig(x, y) are related by a single
Fourier transform. With the given intensity cross-sec-
tions, an approximation to the phase distribution in the
planes A and B, W,(x, y) and ¥g(x, y) respectively, is
found. The Gerchberg-Saxton algorithm finds solutions
to this problem by following an iterative process. More
specifically, the Gerchberg-Saxton algorithm iteratively
applies spatial and spectral constraints while repeatedly
transferring a data set (amplitude and phase), represent-
ative of I5(x, y) and Iz(x, y), between the spatial domain
and the Fourier (spectral or frequency) domain. The cor-
responding computer-generated hologram in the spec-
tral domain is obtained through at least one iteration of
the algorithm. The algorithm is convergent and arranged
to produce a hologram representing an input image. The
hologram may be an amplitude-only hologram, a phase-
only hologram or a fully complex hologram.

[0054] In some embodiments, a phase-only hologram
is calculated using an algorithm based on the Gerchberg-
Saxton algorithm such as described in British patent
2,498,170 or 2,501,112 which are hereby incorporated
in their entirety by reference. However, embodiments dis-
closed herein describe calculating a phase-only holo-
gram by way of example only. In these embodiments,
the Gerchberg-Saxton algorithm retrieves the phase in-
formation W [u, v] of the Fourier transform of the data set
which gives rise to a known amplitude information TI[x,
yl, wherein the amplitude information T[x, y] is represent-
ative of a target image (e.g. a photograph). Since the
magnitude and phase are intrinsically combined in the
Fourier transform, the transformed magnitude and phase
contain useful information about the accuracy of the cal-
culated data set. Thus, the algorithm may be used iter-
atively with feedback on both the amplitude and the
phase information. However, in these embodiments, only
the phase information ¥[u, v] is used as the hologram to
form a holographic representative of the target image at
an image plane. The hologram is a data set (e.g. 2D
array) of phase values.

[0055] In other embodiments, an algorithm based on
the Gerchberg-Saxton algorithm is used to calculate a
fully-complex hologram. A fully-complex hologram is a
hologram having a magnitude component and a phase
component. The hologram is a data set (e.g. 2D array)
comprising an array of complex data values wherein each
complex data value comprises a magnitude component
and a phase component.

[0056] Insomeembodiments, the algorithm processes
complex data and the Fourier transforms are complex
Fourier transforms. Complex data may be considered as
comprising (i) a real component and an imaginary com-
ponent or (ii) a magnitude component and a phase com-
ponent. In some embodiments, the two components of
the complex data are processed differently at various
stages of the algorithm.

[0057] Figure 2A illustrates the first iteration of an al-
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gorithm in accordance with some embodiments for cal-
culating a phase-only hologram. The input to the algo-
rithm is an input image 210 comprising a 2D array of
pixels or data values, wherein each pixel or data value
is a magnitude, or amplitude, value. That is, each pixel
or data value of the input image 210 does not have a
phase component. The input image 210 may therefore
be considered a magnitude-only or amplitude-only or in-
tensity-only distribution. An example of such an input im-
age 210is a photograph or one frame of video comprising
a temporal sequence of frames. The first iteration of the
algorithm starts with a data forming step 202A comprising
assigning arandom phase value to each pixel of the input
image, using a random phase distribution (or random
phase seed) 230, to form a starting complex data set
wherein each data element of the set comprising mag-
nitude and phase. It may be said that the starting complex
data set is representative of the input image in the spatial
domain.

[0058] First processing block 250 receives the starting
complex data set and performs a complex Fourier trans-
form to form a Fourier transformed complex data set.
Second processing block 253 receives the Fourier trans-
formed complex data set and extracts the set of phase
values. The second processing block 253 quantises each
phase value to form hologram 280A. Each phase value
is quantised in accordance with the phase-levels which
may be represented on the pixels of the spatial light mod-
ulator which will be used to "display" the hologram. For
example, if each pixel of the spatial light modulator pro-
vides 256 different phase levels, each phase value of the
hologram is quantised into one phase level of the 256
possible phase levels. Hologram 280A is a phase-only
Fourier hologram which is representative of an input im-
age. It may be said that hologram 280A is representative
of the input image in the spectral or Fourier or frequency
domain. In some embodiments, the algorithm stops at
this point.

[0059] However, in other embodiments, the algorithm
continues as represented by the dotted arrow in Figure
2A. In other words, the steps which follow the dotted ar-
row in Figure 2A are optional (i.e. not essential to all em-
bodiments). If the algorithm continues, second process-
ing block 253 additionally replaces the magnitude values
of the Fourier transformed complex data set with new
magnitude values. The new magnitude values are a dis-
tribution of values representative of the magnitude dis-
tribution of the light pattern which will be used toilluminate
the spatial light modulator. In some embodiments, each
new magnitude value is unity. In other embodiments, sec-
ond processing block 253 processes the magnitude val-
ues of the second complex data set - for example, per-
forms a mathematical operation or series of mathemati-
cal operations on each magnitude value - to form the new
magnitude values. Second processing block 253 outputs
a complex data set comprising the quantised phase val-
ues and the new magnitude values.

[0060] Third processing block 256 receives the com-
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plex data set output by the second processing block 253
and performs an inverse Fourier transform to form an
inverse Fourier transformed complex data set. It may be
said that the inverse Fourier transformed complex data
set is representative of the input image in the spatial do-
main.

[0061] Fourth processing block 259 receives the in-
verse Fourier transformed complex data set and assess-
es the distribution of magnitude values 211A. Specifical-
ly, the fourth processing block 259 compares the distri-
bution of magnitude values 211A of the inverse Fourier
transformed complex data set with the input image 510
which is itself, of course, a distribution of magnitude val-
ues. If the difference between the distribution of magni-
tude values 211A and the input image 210 is sufficiently
small, the fourth processing block 259 determines that
the hologram 280A is acceptable. Thatis, if the difference
between the distribution of magnitude values 211A and
the input image 210 is sufficiently small, the fourth
processing block 259 determines that the hologram 280A
is a sufficiently-accurate representative of the input im-
age 210. In some embodiments, the distribution of phase
values 213A of the inverse Fourier transformed complex
data set is ignored for the purpose of the comparison.
[0062] It will be appreciated that any number of differ-
ent methods for comparing the distribution of magnitude
values 211A and the input image 210 may be employed
and the present disclosure is not limited to any particular
method. In some embodiments, a mean square differ-
ence is calculated and if the mean square difference is
less than a threshold value, the hologram 280A is
deemed acceptable. If the fourth processing block 259
determines that the hologram 280A is not acceptable, a
further iteration of the algorithm is performed.

[0063] Figure 2B represents a second iteration of the
algorithm and any further iterations of the algorithm. The
distribution of phase values 213A of the preceding iter-
ation is fed-back through the processing blocks of the
algorithm. The distribution of magnitude values 211A is
rejected in favour of the distribution of magnitude values
ofthe inputimage 210. In the first iteration, the data form-
ing step 202A formed the first complex data set by com-
bining distribution of magnitude values of the inputimage
210 with a random phase distribution 230. However, in
the second and subsequent iterations, the data forming
step 202B comprises forming a complex data setby com-
bining (i) the distribution of phase values 213A from the
previous iteration of the algorithm with (ii) the distribution
of magnitude values of the input image 210.

[0064] The complex data set formed by the data form-
ing step 202B of Figure 2B is then processed in the same
way described with reference to Figure 2A to form second
iteration hologram 280B. The explanation of the process
is not therefore repeated here. The algorithm may stop
when the second iteration hologram 280B has been cal-
culated. However, any number of further iterations of the
algorithm may be performed. It will be understood that
the third processing block 256 is only required if the fourth
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processing block 259 is required or a further iteration is
required. The output hologram 280B generally gets better
with eachiteration. However, in practice, a pointis usually
reached at which no measurable improvement is ob-
served or the positive benefit of performing a further it-
erationis out-weighted by the negative effect of additional
processing time. Hence, the algorithm is described as
iterative and convergent.

[0065] Figure 2C represents an alternative embodi-
ment of the second and subsequent iterations. The dis-
tribution of phase values 213A of the preceding iteration
is fed-back through the processing blocks of the algo-
rithm. The distribution of magnitude values 211A is re-
jected in favour of an alternative distribution of magnitude
values. In this alternative embodiment, the alternative
distribution of magnitude values is derived from the dis-
tribution of magnitude values 211 of the previous itera-
tion. Specifically, processing block 258 subtracts the dis-
tribution of magnitude values of the inputimage 210 from
the distribution of magnitude values 211 of the previous
iteration, scales that difference by a gain factor o and
subtracts the scaled difference from the inputimage 210.
This is expressed mathematically by the following equa-
tions, wherein the subscript text and numbers indicate
the iteration number:

R, .[x, y]= Fliexply, [u,v]);
v ,[u,v] = ZF - exp(iZR,[x, y])}

n :T[X,J’]—aan[xayﬂ—T[an’])

where:

F’ is the inverse Fourier transform;

F is the forward Fourier transform;

R[x, y] is the complex data set output by the third
processing block 256;

T[x, y] is the input or target image;

Z is the phase component;

Y is the phase-only hologram 280B;

7 is the new distribution of magnitude values 211B;
and

o is the gain factor.

[0066] The gain factor o may be fixed or variable. In
some embodiments, the gain factor o is determined
based on the size and rate of the incoming target image
data. In some embodiments, the gain factor a is depend-
ent on the iteration number. In some embodiments, the
gain factor o is solely function of the iteration number.
The embodiment of Figure 2C is the same as that of
Figure 2A and Figure 2B in all other respects. It may be
said that the phase-only hologram W(u, v) comprises a
phase distribution in the frequency or Fourier domain.
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[0067] In some embodiments, the Fourier transform is
performed computationally by including lensing data in
the holographic data. That is, the hologram includes data
representative of a lens as well as data representing the
object. In these embodiments, the physical Fourier trans-
form lens 120 of Figure 1 is omitted. It is known in the
field of computer-generated hologram how to calculate
holographic data representative of alens. The holograph-
ic data representative of a lens may be referred to as a
software lens. For example, a phase-only holographic
lens may be formed by calculating the phase delay
caused by each point of the lens owing to its refractive
index and spatially-variant optical path length. For exam-
ple, the optical path length at the centre of a convex lens
is greater than the optical path length at the edges of the
lens. An amplitude-only holographic lens may be formed
by a Fresnel zone plate. It is also known in the art of
computer-generated hologram how to combine holo-
graphic data representative of a lens with holographic
data representative of the object so that a Fourier trans-
form can be performed without the need for a physical
Fourier lens. In some embodiments, lensing data is com-
bined with the holographic data by simple vector addition.
In some embodiments, a physical lens is used in con-
junction with a software lens to perform the Fourier trans-
form. Alternatively, in other embodiments, the Fourier
transform lens is omitted altogether such that the holo-
graphic reconstruction takes place in the far-field. In fur-
ther embodiments, the hologram may include grating da-
ta - that is, data arranged to perform the function of a
grating such as beam steering. Again, It is known in the
field of computer-generated hologram how to calculate
such holographic data and combine it with holographic
data representative of the object. For example, a phase-
only holographic grating may be formed by modelling the
phase delay caused by each point on the surface of a
blazed grating. An amplitude-only holographic grating
may be simply superimposed on an amplitude-only holo-
gram representative of an object to provide angular steer-
ing of an amplitude-only hologram.

[0068] In some embodiments, there is provided a real-
time engine arranged to receive image data and calculate
holograms in real-time using the algorithm. In some em-
bodiments, the image data is a video comprising a se-
quence ofimage frames. In other embodiments, the holo-
grams are pre-calculated, stored in computer memory
and recalled as needed for display on a SLM. That is, in
some embodiments, there is provided a repository of pre-
determined holograms.

[0069] Embodiments relate to Fourier holography and
Gerchberg-Saxton type algorithms by way of example
only. The present disclosure is equally applicable to Fres-
nel holography and holograms calculated by other tech-
niques such as those based on point cloud methods.

Light modulation

[0070] A spatial light modulator may be used to display
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the computer-generated hologram. If the hologram is a
phase-only hologram, a spatial light modulator which
modulates phase is required. If the hologram is a fully-
complex hologram, a spatial light modulator which mod-
ulates phase and amplitude may be used or a first spatial
light modulator which modulates phase and a second
spatial light modulator which modulates amplitude may
be used.

[0071] In some embodiments, the light-modulating el-
ements (i.e. the pixels) of the spatial light modulator are
cells containing liquid crystal. That is, in some embodi-
ments, the spatial light modulator is a liquid crystal device
in which the optically-active component is the liquid crys-
tal. Each liquid crystal cell is configured to selectively-
provide a plurality of light modulation levels. Thatis, each
liquid crystal cell is configured at any one time to operate
at one light modulation level selected from a plurality of
possible light modulation levels. Each liquid crystal cell
is dynamically-reconfigurable to a different light modula-
tion level from the plurality of light modulation levels. In
some embodiments, the spatial light modulator is a re-
flective liquid crystal on silicon (LCOS) spatial light mod-
ulator but the present disclosure is not restricted to this
type of spatial light modulator.

[0072] A LCOS device provides a dense array of light
modulating elements, or pixels, within a small aperture
(e.g. a few centimetres in width). The pixels are typically
approximately 10 microns or less which results in a dif-
fraction angle of a few degrees meaning that the optical
system can be compact. It is easier to adequately illumi-
nate the small aperture of a LCOS SLM than it is the
larger aperture of other liquid crystal devices. An LCOS
device s typically reflective which means that the circuitry
which drives the pixels of a LCOS SLM can be buried
under the reflective surface. The results in a higher ap-
erture ratio. In other words, the pixels are closely packed
meaning there is very little dead space between the pix-
els. This is advantageous because it reduces the optical
noise in the replay field. A LCOS SLM uses a silicon
backplane which has the advantage that the pixels are
optically flat. This is particularly important for a phase
modulating device.

[0073] A suitable LCOS SLM is described below, by
way of example only, with reference to Figure 3. AnLCOS
device is formed using a single crystal silicon substrate
302. It has a 2D array of square planar aluminium elec-
trodes 301, spaced apart by a gap 301a, arranged on
the upper surface of the substrate. Each of the electrodes
301 can be addressed via circuitry 302a buried in the
substrate 302. Each of the electrodes forms a respective
planar mirror.

[0074] Analignmentlayer 303 is disposed on the array
of electrodes, and a liquid crystal layer 304 is disposed
on the alignment layer 303. A second alignment layer
305 is disposed on the liquid crystal layer 304 and a pla-
nar transparent layer 306, e.g. of glass, is disposed on
the second alignment layer 305. A single transparent
electrode 307 e.g. of ITO is disposed between the trans-
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parent layer 306 and the second alignment layer 305.
[0075] Each of the square electrodes 301 defines, to-
gether with the overlying region of the transparent elec-
trode 307 and the intervening liquid crystal material, a
controllable phase-modulating element 308, often re-
ferred to as a pixel. The effective pixel area, or fill factor,
is the percentage of the total pixel which is optically ac-
tive, taking into account the space between pixels 301a.
By control of the voltage applied to each electrode 301
with respect to the transparent electrode 307, the prop-
erties of the liquid crystal material of the respective phase
modulating element may be varied, thereby to provide a
variable delay to light incident thereon. The effect is to
provide phase-only modulation to the wavefront, i.e. no
amplitude effect occurs.

[0076] The described LCOS SLM outputs spatially
modulated lightin reflection. Reflective LCOS SLMs have
the advantage that the signal lines, gate lines and tran-
sistors are below the mirrored surface, which results in
high fill factors (typically greater than 90%) and high res-
olutions. Another advantage of using a reflective LCOS
spatial light modulator is that the liquid crystal layer can
be half the thickness than would be necessary if a trans-
missive device were used. This greatly improves the
switching speed of the liquid crystal (a key advantage for
the projection of moving video images). However, the
teachings of the present disclosure may equally be im-
plemented using a transmissive LCOS SLM.

Holographic image generation system

[0077] A conventional holographic projector in accord-
ance with the prior art is described with reference to Fig-
ure 4. A computer system 400 is arranged to comprise
a memory or input for storing or receiving a video 401
comprising frames. The video 401 may alternatively com-
prise rendered graphics from a graphics processing unit
(GPU), for example. The GPU may be contained within
the computer system 400. The video 401 is passed to a
hologram calculation engine 403 which generates or cal-
culates a series of computer generated holograms (CGH)
representative of the individual frames of the video 401.
The computer generated holograms, or holographic data
representative of the computer generated holograms,
are then sent to a video driver 405 within the computer
system 400, which video driver 405 converts the holo-
graphic data into a format compliant with a video protocol
or standard for subsequent transmission to a projection
system 450. For example, the holographic data may be
converted to the HDMI (High-Definition Multimedia Inter-
face) format for transmission. Alternatively, the holo-
graphic data may be converted into any other suitable
format for transmission to the projection system 450. The
signal representative of the holographic data, for exam-
ple an HDMI signal, is then transmitted to the projection
system 450.

[0078] The signal representative of the holograms is
received by a video input 409 of the projection system
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450 and sent to adriver 411 of the spatial light modulator,
or SLM, 413. The driver 411 converts the HDMI signal
into the correct signal format for the driver 411 to set the
pixels of the SLM 413 in accordance with the received
holographic data for subsequent holographic reconstruc-
tion of the original video. In this arrangement, the driver
411 receives the holographic data from the video input
409 as an electrical signal. The hologram calculation en-
gine 403, video driver 405, video input 409 and SLM driv-
er 411 may all be implemented on a field programmable
gate array (FPGA).

[0079] As described above, in this example the holo-
graphic data is representative of a series of frames of the
video 401 to be holographically reconstructed. For a giv-
en frame of the original video, the driver 411 sets the
pixels of the SLM 413 in accordance with the holographic
datafor thatframe (as received electrically from the video
input 409), such that the hologram represented by the
holographic data is displayed on the pixels of the SLM.
The SLM is then illuminated with the laser to produce a
holographic reconstruction of that frame. The holograph-
ic reconstruction, once formed, can be projected by op-
tical system 407. By repeating this process, a holographic
reconstruction of a video can be formed.

[0080] To correctly produce the holographic recon-
struction the light emitted from the laser must be syn-
chronised with the driving signals for the SLM to ensure
that the SLM is illuminated by the laser only once the
hologram is correctly displayed on the SLM 413 (i.e. the
pixels are correctly set). To achieve this synchronisation,
a laser driver 415 of the projection system 450 receives
asignal from the FPGA (or from the video input 409 when
the components are not implemented on an FPGA). The
laser driver 415 controls a laser diode 417 of a laser in
accordance with the signal to synchronise the light emit-
ted from the laser with the holographic data displayed on
the SLM. In other words, the laser diode 417 and SLM
413 are both controlled based on synchronising signals
received from the video input 409 or FPGA.

[0081] In this conventional holographic projector de-
scribed with reference to Figure 4, the laser driver 415
"gates" the laser in accordance with the signal from the
FPGA. In other words, the laser emits light whilst the
signal is present, and stops emitting light when the gate
signalis removed. For example, the laser driver 415 con-
trols the laser diode 417 of the laser to not emit light for
a first period, and then emit light for a second period.
Preventing the laser from emitting light in this way allows
pixels of the SLM 413 to be correctly set to display the
holographic data received from the video input 409 be-
fore any illumination by the laser. For example, when the
pixels are formed from liquid crystals, gating the laser
provides sufficient time for the liquid crystals to orientate
themselves to correctly display the holographic data rep-
resentative of the current frame before the pixels of the
SLM 413 are illuminated to form the holographic recon-
struction of the frame.

[0082] Inboth the above-described conventional holo-
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graphic projector and in embodiments of the present ho-
lographic image generation system (described below),
each frame to be reconstructed may be divided into sub
frames - the laser is then controlled to be off for the first
sub frame and on for the remaining sub frames of the
frame, for example. These timings are described further
with reference to Figure 5, in which HDMI frames 510
are representative of frames of the original video to be
holographically reconstructed. For example, frame 0 of
frames 510 corresponds to a single frame of the original
video. Holographic data representative of this single vid-
eo frame will be represented on the SLM 413 for the
duration of frame 0, and the SLM 413 is illuminated by
the laser during that period in order to form the holograph-
ic reconstruction. In this example, frame 0 of frames 510
is divided into six subframes 520. The laser gating signal
is shown as signal 530 and it can be seen thatlaser gating
signal 530 is arranged such that the laser does not emit
any light during the first two subframes (subframe 0 and
subframe 1) of frame 0. It is during this period of frame
0 that the pixels of the SLM are correctly set. The laser
gating signal 530 controls the laser driver 415 to then
emit light for the next four subframes of frame 0 (sub-
frames 2 to 5) in order to illuminate the SLM 413 and
form a holographic reconstruction of the original video
frame. If the frame rate is sufficiently high, the human
eye cannot perceive that the laser does not emit light for
a third of the period of frame 0.

[0083] With reference to Figure 6, an embodiment of
the holographic image generation system integrated
within a holographic projector 650 is described. Unlike
the conventional projector described with reference to
Figure 4, there is no electrical connection to transmit the
holographic data from the video input 409 to the SLM
413. Instead, the holographic data is transmitted to the
SLM optically and without any wired connections be-
tween the video input and the SLM (i.e. with no optical
fibres or similar connections). Instead, after conversion
of the holographic data by video driver 405 into a format
compliant with a video standard for subsequent trans-
mission to a projection system 450, the electrical signal
representative of the holographic datais transmitted from
the video input 409 to the laser driver 415 only and the
holographic data is then transmitted optically to the SLM,
by modulation of the laser light in time, as described be-
low.

[0084] Inthis embodiment, the laser driver 415 not only
controls the laser diode 417 to cause the laser to illumi-
nate the spatial light modulator, but also controls the laser
diode 417 to modulate an output intensity of the laser in
order to encode the holographic data received from the
video input 409 at the same time as the laser illuminates
the SLM 413. The control circuit, or driver 415, of the
laser diode thus acts as a part of the temporal modulator.
This temporal modulation encodes the holographic data
within the laser light and provides the holographic infor-
mation to the SLM 413 optically, removing the need for
wired connections between the SLM system and the rest
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of the holographic projector 650. This arrangement can
reduce constraints on the positioning of the SLM relative
to some other components of the system 650, since
wired, direct electrical, connections are not needed.
[0085] In this embodiment, the modulation of the laser
light is direct, amplitude only, modulation of the drive sig-
nal of the laser diode 417 in order to control the intensity
of the laser output. However, the intensity of the laser
could be temporally modulated in other ways. The mod-
ulation of the intensity can be achieved through manip-
ulation of the amplitude, phase, or phase and amplitude.
For example, quadrature amplitude modulation can be
used to encode the holographic data. In other embodi-
ments, the modulation can be performed by, for example,
an electro-optical or other optical modulator placed in the
optical path of the laser and controlled to temporally mod-
ulate an intensity or polarisation of the light. In some em-
bodiments, the temporal modulation can comprise both
direct and indirect elements; for example, the intensity
of thelaser can be directly controlled and then an external
optical modulator can be placed between the laser and
the SLM to provide additional modulation of the light.
[0086] The holographic image generation system de-
scribed with reference to Figure 6 comprises a light sen-
sorand ademodulator. The lightsensor 619is associated
with the SLM 413 and is configured to receive the mod-
ulated light from the laser and generate a signal repre-
sentative of the intensity of the laser. This generated sig-
nal is received by the demodulator 619, which decodes
the signal to obtain the holographic data originally en-
coded within the laser by the temporal modulator 415.
The light sensor and demodulator can be one integrated
component619 or can be separate components connect-
ed to one another.

[0087] The holographic data contained within the de-
coded signal is passed by the demodulator to the SLM
driver 411. In this way, the demodulator is connected to
the SLM to set the pixels of the SLM in accordance with
the decoded holographic data. In particular, the optically-
delivered holographic data is received at the light sensor
619 as a progressive scan (row-by-row) and buffered by
the SLM driver 411 until the start of the next frame. At
the start of the next frame, the holographic data is sent
to the SLM 413 and the pixels of the SLM 413 are set
with the holographic data whilst the laser is off. For ex-
ample, the light sensor associated with the SLM may be
arranged to trigger the writing of the holographic data to
the SLM (or the setting of the SLM pixels in accordance
with the holographic data) based on a detection that the
laser has been turned off.

[0088] The SLM driver 411 is arranged to ensure that
the pixels of the SLM 413 are set with the correct holo-
graphic data in the time period whilst the laser is off, so
that the holographic data is correctly displayed before
the laser is switched back on for illumination of the SLM
413 and encoding of the holographic data for the next
frame. This process is an on-going streaming process
which operates at a fixed clock speed, i.e. there is a fixed
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time interval between the windows in which the laser is
driven to emit light. Synchronisation between the SLM
and the laser can be provided by the turning on and off,
or gating, of the laser being detected by the light sensor.
In particular, the signal generated by the light sensor 619,
which is representative of the intensity of the laser, will
indicate whether the light is on or off. This generated
signal is received by the demodulator 619, which de-
codes the signal to determine whether the laser is off.
The demodulator is arranged to trigger writing of the ho-
lographic data to the SLM 413 based on the signal.
[0089] There is a minimum time period that the laser
must be off for, i.e. the time required to write the holo-
graphic data to the pixels of the SLM. However, the laser
can be off for a longer period of time. In this arrangement,
if the laser is arranged to be on for a longer period of time
than is required to reconstruct the current frame any un-
wanted light energy from the laser can be diverted from
the holographic reconstruction to other parts of the replay
field (for example, an image noise border).

[0090] In other arrangements a controller can be con-
nected, directly or indirectly, to the laser driver 415. The
controller can be part of computer system 400. The con-
troller can provide a control signal to the laser driver 415,
which control signal provides information to the laser driv-
er415regarding a period of time for which the laser driver
415 should drive the laser diode 417 in order to achieve
the desired holographic reconstruction. The controller
can also be connected to the SLM driver 411 and ar-
ranged to provide control signals to the driver411 in order
to drive the SLM 413 to set the pixels with the holographic
data during the window where the laser is off, as de-
scribed above.

[0091] The controller optionally comprises a clock
which produces timing signals. The controller can be cou-
pled to the laser driver 415 and the SLM driver 411, and
configured to provide the timing signals to the laser driver
415 and SLM driver 411 to synchronise these different
components to the central clock of the controller. In some
embodiments, the controller is also coupled to the holo-
gram calculation engine 403 and provides control signals
to the hologram calculation engine 403 to ensure that the
correct holographic data is provided from the hologram
calculation engine 403 to the SLM driver 411.

[0092] Thelength of time for the laser emits light during
each frame can be determined on a frame-by-frame ba-
sis, based on the required image brightness. The syn-
chronising information can therefore be continuously pro-
vided by the timing signals or other control signals from
the controller, or based on the signal representative of
the intensity of light generated by the light sensor 619,
which acts as a trigger for the SLM driver 411 to write
the holographic data to the SLM. Where there is a fixed
time interval between the windows in which the laser is
driven to emit light, each component can also operate
independently of the others based on the fixed time in-
terval (once synchronised). As before, the synchronisa-
tion can be provided by the turning on and off, or gating,
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of the laser being detected by the light sensor and trig-
gering the writing of the holographic data to the SLM 413.
In this arrangement, if the laser is arranged to be on for
alonger period of time than is required to reconstruct the
current frame, any unwanted light energy from the laser
can be diverted from the holographic reconstruction to
other parts of the replay field (for example, an image
noise border).

[0093] In some embodiments, the demodulator and
driver 411 are separate components. In other embodi-
ments, the demodulator and driver 411 are integrated
components. As described above with reference to Fig-
ure 4, the driver 411 is arranged to set the pixels of the
SLM in accordance with the holographic data in order to
display the hologram represented by the holographic da-
ta. When the SLM 413 is illuminated by the laser, the
hologram displayed on the SLM 413 causes interference
in the light and a holographic reconstruction of the holo-
gram is formed at a replay field spatially separate from
the SLM.

[0094] Inordertotransmit holographic data to the SLM
413 optically and without physical connections in an ef-
ficient manner, in this embodiment the holographic data
for a given frame is encoded and transmitted during the
holographic reconstruction of a previous frame of a se-
quence of frames. To achieve this the temporal modula-
tor is arranged to modulate an output intensity of the light
source over time to encode holographic data represent-
ing a hologram, where the holographic data is represent-
ative of a subsequent frame of a video, or sequence of
frames. At the same time, the light source illuminates the
spatial light modulator, the pixels of which are set with
holographic data of a current frame of the video. In this
manner, the current frame of the video is holographically
reconstructed whilst the holographic data representative
of the subsequent frame of the video, the subsequent
frame being subsequent to the current frame, is trans-
mitted to the SLM.

[0095] The temporal modulator modulates an output
intensity of the light source, in this example a laser, to
encode the holographic data representative of a subse-
quent, or (n+1)th, frame of a video (or sequence of
frames). This modulation occurs over time such that the
SLM is illuminated by the laser whilst the modulation is
occurring. The light sensor receives the laser light en-
coded with the holographic data and generates a signal
representative of the intensity of the laser. The demod-
ulator receives the signal from the light sensor and de-
codes the signal to obtain the holographic data. This sig-
nal is provided to the SLM driver 411, which is arranged
to set the pixels of the SLM 413 in accordance with the
holographic data. This setting of the pixels occurs whilst
the laser is off. The SLM is illuminated by the laser to
reconstruct a frame at the same time as the holographic
data for the next frame is being encoded within the laser
light and transmitted from the laser to the light sensor.
The laser is then switched off and the pixels of the spatial
light modulator set with the holographic data before the
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laser is switched back on ready for further illumination of
the SLM by the laser for the next frame.

[0096] For example, when the hologram is represent-
ative of a video or sequence of frames and the temporal
modulator is arranged to encode the holographic data
for the (n+1)th frame, the pixels of the SLM are set with
holographic data representative of an nth frame of the
sequence of frames. During this step of illumination of
the SLM during which the temporal modulator is encoding
the holographic data within the laser light, a holographic
reconstruction is formed of the nth frame. In other words,
the system operates to encode data for one frame in a
sequence of frames whilst reconstructing a previous
frame in the sequence. In this manner, holographic data
is efficiently provided to the SLM.

[0097] Alternatively, in some embodiments only one
image is to be reconstructed (rather than a sequence of
video frames) and the holographic data is provided to the
SLM by the laser before a hologram is displayed on the
SLM. Whilst there is not a holographic reconstruction
formed for display to a user at this time, there can still be
light present in the replay field, for example in the form
of an image noise border. This means there is a light
signal which can be modulated with holographic data
even when there is not main image being formed, ena-
bling transmission of the encoded holographic data to
the SLM. The pixels of the SLM can then be set in ac-
cordance with the holographic data ready for illumination
of the SLM by the light source to form a holographic re-
construction of the original image represented by the ho-
lographic data. In this situation, the holographic recon-
struction displayed on the SLM may not change - the
laser may still be off, or gated, but the SLM pixels are
simply refreshed to display the same holographic data
during this gating period, rather than re-set to display
different decoded holographic data.

[0098] Evidently, the holographic data can only be en-
coded and transmitted when the laser is on and emitting
light; this leaves a defined window of time during each
frame where the holographic data for the next frame can
be encoded. The laser needs to be modulated at the rate
of Gbits/second in order to optically deliver the required
holographic data within two subframes, for example. For
example, for a hologram of 512 x 512 pixels, where each
pixel is 7-bit and the frame rate is 60 frames per second,
the data transmission rate is 110 Mbits/second. For a
larger hologram, a higher rate of data transmission is
required. Such rates of modulation can be achieved with
conventional high-speed laser driver hardware, for ex-
ample hardware designed for laser scanning projectors,
but the modulation is too fast for the human eye to per-
ceive the changes in intensity, and thus does not affect
the resulting holographic reconstruction in a perceptible
manner. The light sensor, which is associated with the
SLM in such a way that it receives the laser light which
is arranged to illuminate the SLM, and may in some em-
bodiments be located on the SLM, has a sensing rate
sufficiently high to detect this fast rate of modulation and
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thus to enable the holographic data encoded within the
laser light to be obtained after transmission. This sensing
rate can be achieved with conventional hardware.
[0099] The holographic image generation system is
described further with reference to Figure 7. A drive signal
713 is provided to a laser diode 701 of a laser in order
to drive the laser to output light. The drive signal 713 is
modulated in order to encode the laser light with holo-
graphic data representative of a hologram; when the
modulated drive signal 713 is provided to the laser diode
701, the drive signal 713 drives the laser diode to in-
crease or decrease the output intensity laser light in ac-
cordance with the amplitude of the drive signal 713. The
drive signal 713 shown in Figure 7 encodes the holo-
graphicdata by way of binary modulation of the amplitude
of the laser output. Binary modulation is shown for the
purposes of simplicity only, and any other suitable form
of modulation which modulates the amplitude and/or
phase ofthe laser could be used (for example, quadrature
amplitude modulation could be used). The drive signal
713 can be a separate signal from the gating signal which
gates the laser, or the driver signal 713 can include the
gating signal such that the drive signal 713 both gates
the laser (for example, for two subframes), drives the
laser at a predetermined output intensity (for example,
for another two subframes), and then modulates the out-
put intensity of the laser (for example, for the final two
subframes).

[0100] The modulated laser light containing the holo-
graphic data is received by an SLM 703 containing pixels
705. A light sensor 707 is provided on the SLM 703. In
some embodiments, the SLM has a specific, for example
a regular, arrangement of pixel locations at which the
pixels 705 are located and the light sensor 707 is provided
atone ofthe pixellocations. The light sensor 707 receives
the laser light (which has been amplitude modulated in
accordance with the drive signal 713 to change the output
intensity) and generates a signal representative of the
output intensity of the laser. A demodulator 709 is con-
nected to the light sensor to receive the signal represent-
ative of the output intensity of the laser and to decode
the signal to obtain the holographic data encoded within
the laser light. The demodulator 709 then provides the
holographic data to an SLM driver 711 to set the pixels
of the SLM 703 in accordance with the holographic data.
As described above, the pixels of the SLM 703 are ad-
vantageously set whilst the laser is off or gated, ready
for subsequent illumination of the SLM 703 by the laser
and the subsequent holographic reconstruction of the
hologram displayed by the pixels once an illumination
signal is applied to the laser by the laser diode 701.
[0101] Aswellas providing a simpler and more efficient
holographic image generation, the system described
above with respect to Figures 6 and 7 can advantageous-
ly reduce the occurrence of speckle in a holographic re-
construction.

[0102] Firstly, it is known that the centre wavelength
of light emitted by a laser is a function of the temperature
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of the laser because the temperature change causes
physical changes to the laser cavity (i.e. changes in the
cavity length). For example, the centre wavelength can
increase linearly with the temperature; for a 100mW la-
ser, a change of 100 degrees Celsius in temperature can
result in a change of 5.5 nm in the centre wavelength. If
a laser is pulsed on and off, the temperature fluctuates
and thus the centre wavelength fluctuates. This fluctua-
tion in the centre wavelength reduces interference be-
tween the different waves, since the waves have different
wavelengths, and therefore speckle in the resulting ho-
lographic reconstruction is reduced. This temperature
fluctuation can be controlled to some extent by adjusting
the length of time for which the laser is on, and the exact
point within a frame at which the laser is turned on or off.
Since excess light energy can be removed from the im-
age, the period during which the laser is on can be in-
creased without increasing the brightness of the holo-
graphic reconstruction. In this way, the above arrange-
ment can be used to help control the factors which influ-
ence speckle and can therefore facilitate improvements
in speckle reduction.

[0103] Secondly, using a pulsed laser blurs the per-
ceived effect of speckle, as described below. For a given
voltage the "director" of a liquid crystal pixel (a dimen-
sionless unit vector which represents the temporal and
spatial average of the long axis of the liquid crystals within
the pixel, or the average direction of the preferred orien-
tations of the liquid crystals) is found to vary with time -
in other words the director is unstable. This is found to
be the case particularly with devices with a digital back-
plane (e.g. an Liquid Crystal on Silicon, LCOS, SLM),
since the liquid crystals respond to the root mean squared
of the applied electrical field and there is no capacitor in
such devices to maintain a steady electric field.

[0104] llluminating the SLM with a pulsed laser there-
fore effectively samples slightly different angles of the
director, n.The pulsed laser effectively samples different,
instantaneous, director orientations, and it has been
found that sampling the director in this manner reduces
speckle (as compared to continuous wave laser modu-
lation, for example). This is because changes in the di-
rector angle results in slight variations in the phase pat-
tern (hologram) and therefore slight variations in the im-
age (holographic reconstruction) and resulting speckle
pattern, which blur the perceived effect of the speckle.
In particular, Moreover, because the laser is pulsed, the
change in sampled director orientation between sam-
plings is discontinuous, so these variations in the speckle
pattern are step changes; it has been found that such
step changes have more of an impact on reducing the
perceived speckle than gradual variations in the speckle
pattern.

[0105] A method of setting pixels of an SLM to repre-
sent a hologram is described with reference to Figure 8.
At step S800, the laser is off and the pixels of the SLM
are set with a hologram representative of an (n)th frame
of a sequence of frames of a video, where n=1.
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[0106] At step S810, the laser is switched on to illumi-
nate the SLM and the laser is encoded with holographic
data representative of the (n+1)th frame (the step of illu-
minating). As the laser illuminates the SLM, a holographic
reconstruction of the (n)th frame is formed. An intensity
of the light used to illuminate the SLM is at the same time
modulated to encode holographic data representing a
hologram, as is described above with reference to Fig-
ures 6 and 7. The light sensor associated with the SLM
receives the modulated laser light and the modulated in-
tensity of the light is sensed and decoded to obtain the
holographic data representative of the (n+7)th frame. This
step of decoding can occur at any suitable time within
step S810. For example, encoding of the holographic da-
ta by modulation of the laser light can occur for the entire
duration of step S810, and the subsequent decoding can
occur simultaneously. Alternatively, the encoding of the
holographic data can occur for only a first portion of step
S810and the decoding can occur during a second portion
of step S810 subsequent to the first portion. During the
whole of step S810, the laser is on and illuminating the
SLM to form the holographic reconstruction of the (n)th
frame.

[0107] At step S820, the laser is switched off. In some
embodiments, the SLM driver 411 is arranged to detect
if the signal from the light sensor is indicative of the laser
being off (i.e. that the SLM 413 is not illuminated by the
laser). This detection by the SLM driver 411 triggers the
SLM driver to provide the holographic data to the SLM,
so that the pixels of the SLM are set in accordance with
the hologram representative ofthe (n+1)thframe received
during step S810. of a sequence of frames of a video.
S830 is functionally a repeat of step S810, except that
when the laser is switched on to illuminate the SLM (the
step of further illuminating), the laser is encoded with
holographic data representative of the (n+2)th frame. As
the laser illuminates the SLM, a holographic reconstruc-
tion of the (n+ 1)t frame is formed, since the pixels were
set with the holographic data representative of the (n+17)th
frame during step S820. At the end of step S830, nis set
to n=n+1. Steps S810 to S830 are repeated whilst n is
less than the number of frames in a sequence of frames,
at which point the process ends.

[0108] By providing the holographic data for the next
frame whilst holographically reconstructing the current
frame, the holographic data can be efficiently and effec-
tively provided to the SLM without affecting the overall
reconstruction of the video, as discussed above.

Additional features

[0109] Embodiments refer to an optically-activated
LCOS spatial light modulator by way of example only.
The teachings of the present disclosure may equally be
implemented on any spatial light modulator capable of
displaying a computer-generated hologram in accord-
ance with the present disclosure such as any electrically-
activated SLMs, optically-activated SLM, digital micro-
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mirror device or microelectromechanical device, for ex-
ample.

[0110] In some embodiments, the light source is a la-
ser. The holographic projection system of the present
disclosure may be used to provide an improved head-up
display (HUD) or head-mounted display. In some em-
bodiments, there is provided a vehicle comprising the
holographic projection system installed in the vehicle to
provide a HUD. The vehicle may be an automotive vehi-
cle such as a car, truck, van, lorry, motorcycle, train, air-
plane, boat, or ship.

[0111] In some embodiments, the size (number of pix-
els in each direction) of the hologram to be reconstructed
is equal to the size of the spatial light modulator so that
the hologram fills the spatial light modulator. That is, the
hologram uses all the pixels of the spatial light modulator.
In other embodiments, the size of the hologram to be
reconstructed is less than the size of the spatial light mod-
ulator. Therefore, to fill the SLM part of the hologram is
repeated in the unused pixels. This technique may be
referred to as tiling, wherein the surface area of the spatial
light modulator is divided up into a number of tiles, each
of which represents at least a subset of the hologram.
Each tile is therefore of a smaller size than the spatial
light modulator.

[0112] The size of the holographic replay field (i.e. the
physical or spatial extent of the holographic reconstruc-
tion) is determined by the pixel spacing of the spatial light
modulator (i.e. the distance between adjacent light-mod-
ulating elements, or pixels, of the spatial light modulator).
The smallest feature which may be formed in the replay
field may be called a "resolution element”, "image spot"
or an "image pixel". Typically, each pixel of the spatial
light modulator has a quadrangular shape, optionally, a
rectangular or square shape. The Fourier transform of a
quadrangular aperture is a sinc function and therefore
each image pixel is a sinc function. More specifically, the
spatial intensity distribution of each image pixel on the
replay field is a sinc function. Each sinc function may be
considered as comprising a peak-intensity primary dif-
fractive order and a series of decreasing-intensity higher
diffractive orders extending radially away from the prima-
ry order. The size of each sinc function (i.e the physical
or spatial extent of each sinc function) is determined by
the size of the spatial light modulator (i.e. the physical or
spatial extent of the aperture formed by the array of light-
modulating elements or spatial light modulator pixels).
Specifically, the larger the aperture formed by the array
of light-modulating pixels, the smaller the image pixels.
[0113] Itis usually desirable to have small image pix-
els. Itis also usual in display technology to want the max-
imum number of image pixels possible. However, deg-
radation ofimage quality can occur if the density ofimage
pixels in the replay field is too high. This degradation is
due to interference between the various orders of adja-
cent sinc functions and results in, for example, a de-
crease in the signal-to-noise ratio of the holographic re-
construction. There is therefore a balance to be struck
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with the number of image pixels. In other words, there is
an optimum number of image pixels or optimum range
for the number of image pixels. It has been found that
tiling an input hologram onto an output hologram can
reduce such image degradation and increase image
quality. Specifically, some embodiments implement the
technique of tiling to minimise the size of the image pixels
whilst maximising the amount of signal content going into
the holographic reconstruction.

[0114] However, the resulting holographic reconstruc-
tion can still suffer from "speckle" if a coherent light
source, such as a laser, is used. Speckle is well-known
and is the result of interference of light scattered off an
optically rough surface.

[0115] The quality of the holographic reconstruction
may also be affect by the so-called zero order problem
which is a consequence of the diffractive nature of using
a pixelated spatial light modulator. Such zero-order light
can be regarded as "noise" and includes for example
specularly reflected light, and other unwanted light from
the SLM.

[0116] In the example of Fourier holography, this
"noise" is focussed at the focal point of the Fourier lens
leading to a bright spot at the centre of the holographic
reconstruction. The zero order light may be simply
blocked out however this would mean replacing the bright
spot with a dark spot. Some embodiments include an
angularly selective filter to remove only the collimated
rays of the zero order. Embodiments also include the
method of managing the zero-order described in Euro-
pean patent 2,030,072, which is hereby incorporated in
its entirety by reference.

[0117] The holographic reconstruction is created with-
in the zeroth diffraction order of the overall window de-
fined by the spatial light modulator. It is preferred that the
first and subsequent orders are displaced far enough so
as not to overlap with the image and so that they may be
blocked using a spatial filter.

[0118] In embodiments, the holographic reconstruc-
tion is in colour. In examples disclosed herein, three dif-
ferent colour light sources and three corresponding SLMs
are used to provide composite colour. These examples
may be referred to as spatially-separated colour, "SSC".
In a variation encompassed by the present disclosure,
the different holograms for each colour are displayed on
different area of the same SLM and then combining to
form the composite colour image. However, the skilled
person will understand that at least some of the devices
and methods of the present disclosure are equally appli-
cable to other methods of providing composite colour ho-
lographic images.

[0119] One of these methods is known as Frame Se-
quential Colour, "FSC". In an example FSC system, three
lasers are used (red, green and blue) and each laser is
firedin succession ata single SLM to produce each frame
of the video. The colours are cycled (red, green, blue,
red, green, blue, etc.) at a fast enough rate such that a
human viewer sees a polychromatic image from a com-
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bination of the images formed by three lasers. Each holo-
gram is therefore colour specific. For example, in a video
at 25 frames per second, the first frame would be pro-
duced by firing the red laser for 1/75th of a second, then
the green laser would be fired for 1/75th of a second, and
finally the blue laser would be fired for 1/75th of a second.
The next frame is then produced, starting with the red
laser, and so on.

[0120] An advantage of FSC method is that the whole
SLM is used for each colour. This means that the quality
of the three colour images produced will not be compro-
mised because all pixels on the SLM are used for each
of the colour images. However, a disadvantage of the
FSC method is that the overall image produced will not
be as bright as a corresponding image produced by the
SSC method by a factor of about 3, because each laser
is only used for a third of the time. This drawback could
potentially be addressed by overdriving the lasers, or by
using more powerful lasers, but this would require more
power to be used, would involve higher costs and would
make the system less compact.

[0121] An advantage of the SSC method is that the
image is brighter due to all three lasers being fired at the
same time. However, if due to space limitations it is re-
quired to use only one SLM, the surface area of the SLM
can be divided into three parts, acting in effect as three
separate SLMs. The drawback of this is that the quality
of each single-colour image is decreased, due to the de-
crease of SLM surface area available for each mono-
chromatic image. The quality of the polychromatic image
is therefore decreased accordingly. The decrease of SLM
surface area available means that fewer pixels on the
SLM can be used, thus reducing the quality of the image.
The quality of the image is reduced because its resolution
is reduced. Embodiments utilise the improved SSC tech-
nique disclosed in British patent 2,496,108 which is here-
by incorporated in its entirety by reference.

[0122] Examples describe illuminating the SLM with
visible light but the skilled person will understand that the
light sources and SLM may equally be used to direct in-
frared or ultraviolet light, for example, as disclosed here-
in. For example, the skilled person will be aware of tech-
niques for converting infrared and ultraviolet light into vis-
ible light for the purpose of providing the information to
a user. For example, the present disclosure extends to
using phosphors and/or quantum dot technology for this
purpose.

[0123] Some embodiments describe 2D holographic
reconstructions by way of example only. In other embod-
iments, the holographicreconstructionis a 3D holograph-
ic reconstruction. That is, in some embodiments, each
computer-generated hologram forms a 3D holographic
reconstruction.

[0124] The methods and processes described herein
may be embodied on a computer-readable medium. The
term "computer-readable medium" includes a medium
arranged to store data temporarily or permanently such
as random-access memory (RAM), read-only memory
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(ROM), buffer memory, flash memory, and cache mem-
ory. The term "computer-readable medium" shall also be
taken to include any medium, or combination of multiple
media, thatis capable of storing instructions for execution
by a machine such that the instructions, when executed
by one or more processors, cause the machine to perform
any one or more of the methodologies described herein,
in whole or in part.

[0125] Theterm "computer-readable medium" also en-
compasses cloud-based storage systems. The term
"computer-readable medium" includes, but is not limited
to, one or more tangible and non-transitory data reposi-
tories (e.g., data volumes) in the example form of a solid-
state memory chip, an optical disc, a magnetic disc, or
any suitable combination thereof. In some example em-
bodiments, the instructions for execution may be com-
municated by a carrier medium. Examples of such a car-
rier medium include a transient medium (e.g., a propa-
gating signal that communicates instructions).

[0126] It will be apparent to those skilled in the art that
various modifications and variations can be made without
departing from the scope of the appended claims. The
presentdisclosure covers all modifications and variations
within the scope of the appended claims and their equiv-
alents.

Claims
1. Aholographicimage generation system comprising:

a spatial light modulator having pixels;

a light source configured to illuminate the spatial
light modulator;

a temporal modulator arranged to modulate an
output intensity of the light source over time to
encode holographic data representing a holo-
gram;

a light sensor associated with the spatial light
modulator and configured to receive light from
thelight source and generate a signal represent-
ative of the output intensity of the light source;
a demodulator connected to the light sensor to
receive the signal and decode the signal to ob-
tain the holographic data and connected to the
spatial light modulator to set the pixels of the
spatial light modulator in accordance with the
holographic data to display the hologram ready
for illumination by the light source to form a ho-
lographic reconstruction.

2. The system of claim 1, wherein the holographic data
is representative of a subsequent frame of a video
and the temporal modulator is configured to modu-
late the output intensity to encode the holographic
data representative of the subsequent frame while
thelight source illuminates the spatial light modulator
set with holographic data of a current frame of the
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video to reconstruct the current frame of the video,
wherein the subsequent frame is subsequent the
current frame.

The system of any preceding claim, wherein the light
sensor is provided on the spatial light modulator.

The system of any preceding claim, wherein the spa-
tial light modulator has aregular arrangement of pixel
locations at which the pixels are located and wherein
the light sensor is provided at one of the pixel loca-
tions.

The system of any preceding claim, wherein the light
source comprises a laser, optionally, wherein the la-
ser comprises a laser diode and wherein the tempo-
ral modulator comprises a control circuit for the laser
diode.

The system of any preceding claim, wherein the tem-
poral modulator comprises an optical modulator ar-
ranged between the light source and the spatial light
modulator for modulating an intensity of light output
from the light source.

The system of any preceding claim, wherein the de-
modulator is arranged to set pixels of the spatial light
modulator in accordance with the holographic data
when the signal representative of the output intensity
of the light source indicates the light source is off.

A method of setting pixels of an SLM to represent a
hologram, the method comprising:

illuminating a spatial light modulator having pix-
els with light;

modulating an intensity of the light while illumi-
nating the spatial light modulator to encode ho-
lographic data representing a hologram;
sensing the modulated intensity of the light and
decoding the modulated intensity to obtain the
holographic data;

setting the pixels of the spatial light modulator
in accordance with the obtained holographic da-
ta; and

subsequent to setting the pixels of the spatial
light modulator, further illuminating the spatial
light modulator with light to form a holographic
reconstruction of the hologram.

The method of claim 8, wherein sensing comprises
sensing at the spatial light modulator.

The method of claim 8 or claim 9, further comprising
repeatedly illuminating and further illuminating the
spatial light modulator to form a sequence of holo-
graphic reconstructions.
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The method of claim 10, wherein the sequence of
holographic reconstructions is equal to a sequence
of frames defining a holographically reconstructed
video, optionally, wherein the holographic data is
representative of a subsequent frame of the video
and the method comprises illuminating the spatial
light modulator and modulating the intensity of the
light to encode the holographic data representative
of the subsequent frame while the spatial light mod-
ulatoris set according to holographic data represent-
ative of a current frame of the video, wherein the
subsequent frame is subsequent the current frame.

The method of claim 11, the method further compris-
ing further modulating the intensity of the light while
further illuminating the spatial light modulator to en-
code holographic data representative of a further
subsequent frame, subsequent to the subsequent
frame, optionally, wherein the current, subsequent
and further subsequent frames directly follow each
other.

The method of any one of claims 8 to 12, wherein
the spatial light modulator has a regular arrangement
of pixel locations at which the pixels are located and
wherein sensing comprises sensing with a light sen-
sor provided at one of the pixel locations.

The method of any one of claims 8 to 13, wherein
the light is emitted by a laser, optionally, wherein
modulating comprising modulating an output inten-
sity of the laser.

The method of any one of claims 8 to 14, further
comprising:

switching off the light source between the steps
of illuminating and further illuminating, the meth-
od comprising setting the pixels of the spatial
light modulator in accordance with the obtained
holographic data whilst the light source is
switched off; and/or

setting the pixels of the spatial light modulator
in accordance with the obtained holographic da-
ta when the sensed modulated intensity of the
light indicates that the spatial light modulator is
not illuminated.

Amended claims in accordance with Rule 137(2)

EPC.

1.

A holographic image generation system comprising:

a spatial light modulator (413) having pixels;

a light source (417) configured to illuminate the
spatial light modulator;

a temporal modulator (415) arranged to modu-
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late an output intensity of the light source (417)
over time to encode holographic data represent-
ing a hologram at the same time as the spatial
light modulator (413) is being illuminated by the
light source (417);

a light sensor (619) associated with the spatial
light modulator (413) and configured to receive,
from the light source (417), the light which is
arranged toilluminate the spatial light modulator
(413) and to generate a signal representative of
the output intensity of the light source (417);

a demodulator connected to the light sensor
(619)toreceive the signal and decode the signal
to obtain the holographic data and connected to
the spatial light modulator (413) to set the pixels
ofthe spatial light modulator (413)in accordance
with the holographic data to display the holo-
gram ready for further illumination by the light
source (417) to form a holographic reconstruc-
tion,

wherein the holographic data is representative
of a subsequent frame of a video and the tem-
poral modulator is configured to modulate the
output intensity to encode the holographic data
representative of the subsequent frame while
the light source (417) illuminates the spatial light
modulator (413) set with holographic data of a
current frame of the video to reconstruct the cur-
rent frame of the video, wherein the subsequent
frame is subsequent the current frame.

The system of any preceding claim, wherein the light
sensor (619) is provided on the spatial light modu-
lator (413).

The system of any preceding claim, wherein the spa-
tial light modulator (413) has a regular arrangement
of pixel locations at which the pixels are located and
wherein the light sensor is provided at one of the
pixel locations.

The system of any preceding claim, wherein the light
source (417) comprises a laser.

The system of claim 4 wherein the laser comprises
a laser diode and wherein the temporal modulator
comprises a control circuit for the laser diode.

The system of any preceding claim, wherein the tem-
poral modulator comprises an optical modulator ar-
ranged between the lightsource (417) and the spatial
light modulator (413) for modulating an intensity of
light output from the light source (417).

The system of any preceding claim, wherein the de-
modulator is arranged to set pixels of the spatial light
modulator in accordance with the holographic data
when the signal representative of the output intensity
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of the light source indicates the light source is off.

A method of setting pixels of an SLM (413) to repre-
sent a hologram, the method comprising:

illuminating a spatial light modulator (413) hav-
ing pixels with light;

modulating an intensity of the light while illumi-
nating the spatial light modulator (413) to en-
code holographic data representing a hologram;
sensing the modulated intensity of the light and
decoding the modulated intensity to obtain the
holographic data;

setting the pixels of the spatial light modulator
(413) in accordance with the obtained holo-
graphic data; and

subsequent to setting the pixels of the spatial
light modulator (413), further illuminating the
spatial light modulator (413) with light to form a
holographic reconstruction of the hologram;
wherein the sequence of holographic recon-
structions is equal to a sequence of frames de-
fining a holographically reconstructed video and
wherein the holographic data is representative
of a subsequent frame of the video; the method
further comprising:

illuminating the spatial light modulator (413) and
modulating the intensity of the light to encode
the holographic data representative of the sub-
sequent frame while the spatial light modulator
(413) is set according to holographic data rep-
resentative of a current frame of the video,
wherein the subsequent frame is subsequent
the current frame.

The method of claim 8, wherein sensing comprises
sensing at the spatial light modulator (413).

The method of claim 8 or claim 9, further comprising
repeating the method of caim 8, to form a sequence
of holographic reconstructions.

The method of claim 10, the method further compris-
ing further modulating the intensity of the light while
further illuminating the spatial light modulator (413)
to encode holographic data representative of a fur-
ther subsequent frame, subsequent to the subse-
quent frame.

The method of claim 11 wherein the current, subse-
quent and further subsequent frames directly follow
each other.

The method of any one of claims 8 to 12, wherein
the spatial light modulator (413) has a regular ar-
rangement of pixel locations at which the pixels are
located and wherein sensing comprises sensing with
a light sensor (619) provided at one of the pixel lo-
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cations.

The method of any one of claims 8 to 13, wherein
the lightis emitted by alaser (417), and wherein mod-
ulating comprising modulating an output intensity of
the laser (417).

The method of any one of claims 8 to 14, further
comprising:

switching off the light source (417) between the steps
of illuminating and further illuminating, the method
comprising setting the pixels of the spatial light mod-
ulator (413) in accordance with the obtained holo-
graphic data when the sensed modulated intensity
of the light indicates that the spatial light modulator
(413) is not illuminated.
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Laser is on. Laser illuminates the
SLM to form holographic
reconstruction of (n) frame and light
is modulated to encode holographic
data of (n+1) frame. Modulated light
is sensed and decoded to obtain the
holographic data of (n+1) frame.

S800

b

S810

S820

S830

Laser is off. Pixels of SLM set in
accordance with holographic data of
(n+1) frame.

n=1

Laser is on. Laser illuminates the
SLM to form holographic
reconstruction of (n+1) frame and
light is modulated to encode
holographic data of (n+2) frame.
Modulated light is sensed and
decoded to obtain the holographic
data of (n+2) frame.

Laser is off. Pixels of SLM set in
accordance with holographic data of
(n+2) frame.

n=n+1

Fig. 8
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